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Abstract
Intrathecal administration of anandamide, D9-tetrahydrocannabinol ŽTHC. and Žy.-3-w2-hydroxy-4-Ž1,1-dimethyheptyl.ptyl.phenylx-4Ž3-hydroxypropyl.-cicloexan-1-ol ŽCP55,940. induced spinal antinociception accompanied by differential k-opioid receptor involvement
and dynorphin A peptide release. Antinociception using the tail-flick test was induced by the classical cannabinoid THC and was blocked
totally by 17,17X-bisŽcyclopropylmethyl.-6X ,6,7,7X-tetrahydro-4,5,4X 5X-diepoxy-6,6X-Žimino.w7,7X-bimorphinanx-3,3X ,14,14X-tetrol Žnorbinaltorphimine. indicating a significant and critical k-opioid receptor component. The endogenous cannabinoid, anandamide and the
non-classical bicyclic cannabinoid, CP55,940, induced non-nor-BNI-sensitive effects. The N-piperidino-5-Ž4-chlorophenyl.-1-Ž2,4-dichlorophenyl.-4-methyl-3-pyrazole-carboxamide ŽSR141716A.-mediated attenuation of spinal antinociception imparted by the various
cannabinoids indicates cannabinoid CB1 receptor involvement. THC-induced an enhancement of immunoreactive dynorphin A release
which coincided with the onset, but not duration antinociception. The release of dynorphin A was also attenuated by SR141716A
suggesting it is cannabinoid CB1 receptor-mediated. These data indicate a critical role for dynorphin A release in the initiation of the
antinociceptive effects of the cannabinoids at the spinal level. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
D9-Tetrahydrocannabinol ŽTHC. is one of the 60 dibenzopyran-type compounds Žknown as cannabinoids. isolated
from Cannabis satiÕa. In vivo studies correlate acute THC
exposure with impaired motor coordination, cognitive activity, antinociception, hypothermia and decreased neurotransmitter release in various animal models ŽDewey, 1986;
Turkanis and Karler, 1988.. Research to develop cannabinoids devoid of intoxicating side effects has lead to the
synthesis of several synthetic cannabinoids such as
Žy.-3-w2-hydroxy-4-Ž1,1-dimethylheptyl.phenylx-4-Ž3-hydroxypropyl.-cicloexan-1-ol ŽCP55,940. with pharmacological profiles comparable to naturally occurring cannabinoids ŽCompton et al., 1990, 1991; Martin et al., 1991;
Melvin et al., 1993.. The cannabinoid CB1 receptor, a
saturable binding site for which cannabinoids possess high
affinity, has been identified primarily in tissues of central
)
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nervous system origin ŽDevane et al., 1988; Matsuda et al.,
1990.. In vitro studies reveal a distinct relationship between cannabinoid interaction with the cannabinoid CB1
receptor and attenuation of G-protein-mediated cAMP production ŽHowlett, 1984; Howlett et al., 1986, 1988, 1992..
The ability of cannabinoids to attenuate cAMP production
correlates with their respective binding profiles and pharmacological potencies ŽHowlett and Flemming, 1984.. A
second receptor, the cannabinoid CB 2 receptor, has been
described in tissues of peripheral origin ŽMunro et al.,
1993.. A splice variant of the cannabinoid CB1 receptor,
the cannabinoid CB1A receptor, has also been characterized ŽShire et al., 1995..
Anandamide has been described as an endogenous ligand for the cannabinoid receptor ŽDevane et al., 1992.. The
behavioral effects of anandamide are comparable to those
of other psychoactive cannabinoids and cross-tolerance
with other cannabinoids has been demonstrated ŽFride and
Mechoulam, 1993; Pertwee et al., 1993; Smith et al., 1994;
Welch et al., 1995.. Anandamide attenuates cAMP production in a manner akin to THC and characteristic of G-pro-
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tein coupled functions ŽFelder et al., 1993; Vogel et al.,
1993.. A cannabinoid antagonist, N-piperidino-5Ž4-chlorophenyl.-1-Ž2,4-dichlorophenyl. - 4 - methyl - 3 - pyrazolecarboxamide ŽSR141716A., has been described ŽRinaldiCarmona et al., 1994. and appears to selectively attenuate
cannabinoid CB1 receptor-mediated activity in vivo and in
vitro ŽCollins et al., 1995; Wiley et al., 1995a,b..
The k-opioid receptors comprise one of three opioid
receptor subtypes, including the m- and d-opioid receptors.
They have been identified pre- and post-synaptically in the
rat spinal cord ŽBesse et al., 1990; Yasuda et al., 1993..
The dynorphins constitute a family of endogenous peptides
for which the k-opioid receptors possess great affinity
ŽChavkin et al., 1982; Corbett et al., 1982.. Their distribution is widespread, but notably high in the spinal cord
ŽBasbaum and Fields, 1984.. Dynorphin A-Ž1–17. is a
pharmacologically active peptide derived from a prodynorphin precursor. It may be sequentially metabolized to
smaller fragments such as dynorphin A-Ž1–13. and dynorphin A-Ž1–8.. Dynorphin A-Ž1–8. may be further metabolized to leucine–enkephalin, a d-opioid receptor agonist
ŽDixon and Traynor, 1990.. The pharmacological activities
of the dynorphin peptides are complex. Whereas dynorphin
A-Ž1–17. produces antianalgesic activity at low doses and
antinociceptive activity at higher doses, smaller fragments
such as dynorphin A-Ž1–13. and dynorphin A-Ž1–8. induce antinociception via the k-opioid receptor, but lack the
antianalgesic properties of the larger dynorphin A-Ž1–17.
peptide ŽMorris and Herz, 1989; Fujimoto et al., 1990;
Rady et al., 1991.. Synthetic k-opioids, such as transŽ".3,4-dichloro-N- methyl - N - w2 - Ž1-pyrrolidinyl.cyclohexylxbenzene-acetamide methane sulfonate ŽU50,488H. and
Žy.-w5R-Ž5a ,7a ,8b .x-N-Methyl-N-w7 - Ž1 - pyrrolidinyl. - 1oxa-spiro-w4.5wdec-8-ylx-4-benzofuranacetamide HCl ŽCI977., demonstrate pharmacologic properties similar to those
of endogenous k-opioid receptor ligands ŽHayes et al.,
1990; Hunter et al., 1990..
In this study, the abilities of various cannabinoids,
administered intrathecally Ži.t.. to modulate spinal dynorphin A-Ž1–17. concentration was assessed in conjunction
with tail-flick latency. Considering the previous studies
conducted by Welch Ž1994., Pugh et al. Ž1996, 1997.,
concerning interactions between cannabinoids and kopioids, the following model of cannabinoid-induced
antinociception was hypothesized. Following i.t. administration, cannabinoids interact with the cannabinoid receptor
to increase spinal dynorphin A-Ž1–17. concentration. Thus,
dynorphin A-Ž1–17. or pharmacologically active metabolites, such as dynorphin A-Ž1–13. and dynorphin A-Ž1–8.,
acting via the k-opioid receptor system are responsible for
the induction of cannabinoid-induced antinociception.
In testing this hypothesis, studies were performed utilizing a spinal perfusion technique which allowed for simultaneous collection of dynorphin A peptides and assessment
of tail-flick latency. The mouse model, employed in previous studies, was not suitable for this work due to the small

amount of cerebrospinal fluid that could be obtained. Thus,
a rat model was utilized. Subsequent pharmacological
studies using similar techniques were performed to determine if dynorphin A modulation was mediated via the
cannabinoid receptor. Additionally, pharmacological techniques were employed to gauge the k-opioid receptormediated contribution to cannabinoid-induced tail-flick latency.

2. Methods and materials
2.1. Animal husbandry
These studies were conducted using male Sprague–
Dawley rats, weighing between 450 and 500 g, obtained
from Harlan Laboratories. Subjects were housed individually and maintained on a fixed 12-h light cycle at a
temperature of 22 " 28C. Water and food ŽHarlan Rat
Chow. were provided ad libitum.
2.2. Intrathecal administration of drugs and dynorphin
collection
Intrathecal drug administration and dynorphin collection
were performed using a modified version of techniques
described by Yaksh Ž1981. and Tseng Ž1989.. Subjects
were selected for partitioning into experimental groups at
random and anesthetized via intraperitoneal Ži.p.. injection
of sodium barbital Ž375 mgrkg. and a separate i.p. injection of 2 mgrkg atropine methyl nitrate. The anesthetized
rats were placed in stereotaxis and an incision made on the
atlanto–occipito membrane to expose the cisterna magna.
A catheter of PE-10 polyethylene tubing was inserted
through the exposed cisternal cavity, caudally, into the
subarachinoid space of the spinal cord. The catheter contained an artificial cerebrospinal fluid, composed of 125
mM Naq; 2.6 mM Kq; 0.9 mM Mg 2q; 1.3 mM Ca2q;
122.7 mM Cly; 21.0 mM HOCy; 2.4 mM HOP 2y; 0.5
mgrml bovine serum albumen, bacitracin Ž30 mgrml.,
0.01% Triton X and effervesced with 95% O 2 and 5%
CO 2 . Positioned as such, the catheter extended caudally
8.5 cm passing through the thoracolumbar region to an
area just above the sacral enlargement. Following catheter
implantation, animals were allowed to acclimate approximately 30 min on a heating pad. Following acclimation,
base-line tail-flick latency was assessed. Only animals
exhibiting normal tail-flick response to noxious stimuli,
less than 4 s latency, were used. Test compounds were
administered in a 20-ml bolus of vehicle, via spinal catheter,
at a rate of 30 mlrmin. Subjects were then segregated into
groups for cerebrospinal fluid sampling and tail-flick latency assessment at 3, 10 or 30 min post-administration of
the test compound. Cerebrospinal fluid collection entailed
rapid perfusion of the spinal cavity with artificial cerebrospinal fluid culminating in the collection of 1.5 ml of
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the eluting artificial cerebrospinal fluid from the open
cisternal space. This is an open system and the sampling
technique is similar to the push–pull cannula technique
commonly employed in the mouse. Collected fractions
were boiled for 12 min and centrifuged at a rate of 10,000
rpm for 10 min. The supernatant was collected, frozen at
y708C and lyophilized. Samples were reconstituted in 250
ml RIA buffer before dynorphin A-Ž1–17. peptide measurements.
2.3. Measurement of dynorphin A-(1–17) peptide
Measurement of dynorphin A-Ž1–17. Žpgrml. was accomplished using dynorphin A-Ž1–17. specific radioimmunoassay kits obtained from Peninsula Laboratories, The
reconstituted samples were analyzed in duplicate. The
manufacturer reported cross-reactivity of antibody as 100%
vs. dynorphin A-Ž1–24., a parent compound, and less than
2% vs. smaller peptide fragments. We found no cross-reactivity of the antibody to dynorphin A-Ž1–8., dynorphin
A-Ž1–13., dimethyl sulfoxide ŽDMSO., THC, anandamide
or CP55,940. We have also recently evaluated the antibody
for cross-reactivity to several opioids including morphine,
metenkephalin, and leucine–enkephalin. No cross-reactivity was observed. Only the linear portion of the radioimmunoassay standard curve, between 0.1 and 64 pgrml of
the standard dynorphin peptide, was used to calculate
dynorphin concentration.
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curve, between 1 and 128 pgrml of the standard leucine–
enkephalin peptide, was used to calculate leucine–enkephalin concentration.
2.6. Assessment of tail-flick latency
Antinociceptive behavior was assessed using a modified
version of that described by D’Amour and Smith Ž1941..
Each animal was acclimated in the laboratory 24 h prior to
experimentation. Tail-flick latency was not found to be
significantly increased by sodium barbital or catheterization in comparison to unanesthetized or non-catheterized
animals. Base latencies were measured as 1.5–4 s with
maximal post-drug latency set at 10 s after which the
noxious heat stimulus was terminated. Antinociception was
measured in terms of percent maximal possible effect Ž%
MPE. defined by Dewey et al. Ž1970. and Harris and
Pierson Ž1990. as:
% MPE s

w test latencyy control latencyx
= 100%
w 10 s y control latencyx

Each parameter Ži.e., test or control tail-flick latency value.
represents the mean of three recordings at 10-s intervals.
2.7. Statistical analysis
Using a randomized design, analysis of data concerning
tail-flick latency or dynorphin peptide concentration was

2.4. Measurement of dynorphin A-(1–8) peptide
Measurement of spinal dynorphin A-Ž1–8. Žpgrml. was
accomplished using a dynorphin A-Ž1–8. specific radioiummunoassay kit obtained from Peninsula Laboratories. The samples were reconstituted in 500 ml of assay
buffer and analyzed in duplicate. The manufacturer reports
cross-reactivity of antibody as 100% vs. dynorphin A-Ž1–8.
and less than 0.01% vs. ‘‘big’’ dynorphin, dynorphin
A-Ž1–17., or dynorphin A-Ž1–13.. The manufacturer finds
no cross-reactivity of the antibody to dynorphin B, or
leucine–enkephalin. Only the linear portion of the radioimmunoassay standard curve, between 0.1 and 64 pgrml of
the standard dynorphin peptide, was used to calculate
dynorphin concentration.
2.5. Measurement of leucine–enkephalin peptide
Measurement of spinal leucine–enkephalin Žpgrml. was
accomplished using a leucine–enkephalin specific radioimmunoassay kit obtained from Peninsula Laboratories. The
samples were reconstituted in 250 ml of assay buffer and
analyzed in duplicate. The manufacturer reports cross-reactivity of the leucine–enkephalin antisera as 100% vs.
leucine–enkephalin, 29% vs. dynorphin A-Ž1–17., 8% vs.
dynorphin A-Ž1–8. and 3% vs. methionine–enkephalin.
Only the linear portion of the radioimmunoassay standard

Fig. 1. Spinal dynorphin A-Ž1–17. concentrations following acute i.t.
cannabinoid administration. Rats were exposed to 20 ml DMSO, D9-THC
Ž300 mg., CP55,940 Ž100 mg. or anandamide Ž200 mg. via catheter.
Fractions of cerebrospinal fluid were collected at time periods of 3, 10
and 30 min post-administration and quantified via radioimmunoassay.
Mean dynorphin A-Ž1–17. concentrations"S.E. are presented. U p- 0.05
in comparison to control animals receiving DMSO vehicle i.t. The
number of rats per treatment is shown in parentheses.
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required for equi-efficacious effects in the tail-flick latency
test ŽLichtman and Martin, 1991; Pugh et al., 1997..

3. Results

Fig. 2. Tail-flick latency following acute i.t. cannabinoid exposure. Rats
were exposed to 20 ml DMSO, D9-THC Ž300 mg., CP55,940 Ž100 mg. or
anandamide Ž200 mg. via catheter and tail-flick latency assessed at time
points of 3, 10 and 30 min post-administration. Mean % MPE"S.E. are
presented. U p- 0.05 in comparison to control animals receiving DMSO
vehicle i.t. The number of rats per treatment is shown in parentheses.

The mean immunoreactive dynorphin A-Ž1–17. concentration of fractions collected 3 min post-administration of
THC was 20 " 8 pgrml; 13 " 3 pgrml following acute
CP55,940 exposure and 12 " 5 pgrml in animals treated
with anandamide ŽFig. 1.. These measures were not different from those of control animals receiving DMSO vehicle
Ž11 " 3 pgrml..
The immunoreactive dynorphin A-Ž1–17. concentration
10 min after administration THC Ž36 " 6 pgrml. was
greater than that of control animals treated with DMSO
Ž12 " 3 pgrml. ŽFig. 1.. The mean immunoreactive dynorphin A-Ž1–17. concentration of animals treated with
CP55,940 Ž9 " 2 pgrml. or anandamide Ž28 " 10 pgrml.,
10 min post-administration, was not different from that of
control animals receiving DMSO. Neither CP55,940- Ž22
" 5 pgrml., anandamide- Ž12 " 2 pgrml. nor THC-treated
animals Ž6 " 2 pgrml. possessed immunoreactive dynorphin A-Ž1–17. concentrations different from that of control

done using ANOVA Žanalysis of variance. followed by
post-hoc Dunnett’s t-test ŽDunnett, 1955..
2.8. Drugs and Õehicle
THC was obtained from the National Institute on Drug
Abuse. CP55,940 was provided by Dr. Lawrence Melvin,
Pfizer Pharmaceutical Research. Anandamide was obtained
from Dr. Raj Razdan, Organix ŽWoburn, MA, USA..
SR141716A was obtained from John Lowe, Pfizer Research. CI-977 was obtained from Dr. R. Martin, ParkeDavis Pharmaceutical Research Division ŽAnn Arbor, MI,
USA.. SR141716A was administered in a vehicle composed of 1 part emulphor:1 part ethanol:18 parts saline
Ž1:1:18., CP55,940, THC and anandamide were administered using a 100% DMSO vehicle. Artificial cerebrospinal
fluid was used as a vehicle for norbinaltorphimine ŽnorBNI..
2.9. Specifics of drug administration
To assess the effect of acute cannabinoid exposure on
spinal dynorphin A-Ž1–17. concentration, animals were
treated with 20 ml DMSO vehicle, THC Ž300 mg.,
CP55,940 Ž100 mg. or anandamide Ž200 mg., via spinal
catheters. Doses chosen represent the approximate doses

Fig. 3. Spinal dynorphin A-Ž1–17. concentration following acute i.t.
D9-THC administration and SR141716A pre-treatment. Rats were exposed to 20 ml DMSO or D9-THC Ž300 mg. i.t. following a 60-min
pre-treatment with SR141716A or 1:1:18 administered i.p. Fractions of
cerebrospinal fluid were collected 10 min post-administration and quantified via radioimmunoassay. Mean dynorphin A-Ž1–17. concentrations"
S.E. are presented. U p- 0.05 in comparison to control animals administered D9-THC Ži.t.. in the absence of SR141716A pre-treatment. The
number of rats per treatment is shown in parentheses.

D.J. Mason Jr. et al.r European Journal of Pharmacology 378 (1999) 237–248

Fig. 4. Tail-flick latency following acute i.t. cannabinoid exposure and
SR141716A pre-treatment. Rats were exposed to 20 ml DMSO, D9-THC
Ž300 mg., CP55,940 Ž100 mg. or anandamide Ž200 mg. via spinal
catheter in either the presence or absence of a 60-min SR141716A Ži.p..
pre-treatment and tail-flick latency assessed 10 min post-administration.
Mean % MPE"S.E. are presented. U p- 0.05 in comparison to control
animals administered either of the test cannabinoids Ži.t.. in the absence
of SR141716A pre-treatment. The number of rats per treatment is shown
in parentheses.

animals treated with DMSO Ž11 " 2 pgrml. 30 min postadministration ŽFig. 1..
Tail-flick latency was assessed in conjunction with
cerebrospinal fluid collection ŽFig. 2.. Whereas CP55,940
increased tail-flick latency 3 min post-administration Ž49
" 19% MPE. in comparison to animals treated with DMSO
Ž4 " 2% MPE., THC and anandamide failed to increase
tail flick-latency Ž19 " 10 and 23 " 16% MPE, respec-

Fig. 5. Tail-flick latency following acute CI-977 exposure Ži.t.. with and
without nor-BNI pre-treatment. Rats were exposed to 20 ml ACSF or
CI-977 Ž100 mg. i.t. via spinal catheter either in the presence or absence
of a 10-min nor-BNI Ž70 mg. pre-treatment i.t. as well as nor-BNI alone
and tail-flick latency assessed 10 min post-administration. Mean %
MPE"S.E. are presented. U p- 0.05 in comparison to control animals
administered CI-977 in the absence of nor-BNI pre-treatment. The number of rats per treatment is shown in parentheses.
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tively.. Each of the test cannabinoids enhanced tail-flick
latency 10 min post-administration when compared to the
control group Ž3 " 2% MPE.. THC induced 58 " 11%
MPE; anandamide 74 " 17% MPE and CP55,940 69 "
20% MPE, respectively ŽFig. 2.. While the test cannabinoids continued to significantly increase tail-flick latency
30 min post-administration ŽTHC s 96 " 2% MPE; anandamide s 71 " 16% MPE; and CP55,940 s 87 " 10%
MPE., the DMSO group demonstrated 2 " 1% MPE 30
min post-administration.
To determine if the THC-induced enhancement of spinal
immunoreactive dynorphin concentration and tail-flick latency were cannabinoid receptor-mediated, animals were
treated with DMSO vehicle or THC Ž300 mg. following a
60-min pre-treatment with 10 mgrkg SR141716A Ži.p.. or
1:1:18 vehicle i.p. SR141716A pre-treatment resulted in an
attenuation of the THC-induced modulation of immunoreactive dynorphin A-Ž1–17. 10 min post-administration Ž9
" 5 pgrml. when compared with animals receiving THC
without SR141716A pre-treatment Ž36 " 6 pgrml. ŽFig.
3.. The acute administration of the DMSO vehicle following SR141716A pre-treatment did not increase the dynorphin A-Ž1–17. concentration Ž15 " 5 pgrml. significantly.
Tail-flick latencies of animals pre-treated with
SR141716A 60 min prior THC administration Ž26 " 10%
MPE. were found to be significantly less than animals
receiving a 60-min 1:1:18 vehicle pre-treatment prior to
THC i.t. Ž55 " 11% MPE. ŽFig. 4.. In a similar series of
experiments animals were treated acutely with DMSO

Fig. 6. Tail-flick latency following acute cannabinoid exposure Ži.t.. with
and without nor-BNI pre-treatment. Rats were exposed to CP55,940 Ž100
mg., anandamide Ž200 mg. or D9-THC Ž300 mg. i.t. via spinal catheter
either in the presence or absence of a 10-min nor-BNI Ž70 mg. pre-treatment i.t. and tail-flick latency assessed 10 and 30 min post-administration. Mean % MPE"S.E. are presented. U p- 0.05 in comparison to
control animals administered with CP55,940 in the absence of nor-BNI
pre-treatment. The number of rats per treatment is shown in parentheses.
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Fig. 7. Spinal dynorphin A-Ž1–8. concentrations following acute i.t.
D9-THC administration. Rats were exposed to 20 ml DMSO vehicle or
D9 -THC Ž300 mg.. Fractions of cerebrospinal fluid were collected at time
periods of 10, 15 and 30 min post-administration and dynorphin A-Ž1–8.
quantified via radioimmunoassay. Mean dynorphin A-Ž1–8. concentrations"S.E. are presented. U p- 0.05 in comparison to control animals
receiving 20 ml DMSO vehicle i.t. The number of rats per treatment is
shown in parentheses.

vehicle Ž20 ml., CP55,940 Ž100 mg., or anandamide Ž200
mg., via spinal catheter following a 60-min pre-treatment
with 10 mgrkg SR141716A or 1:1:18 vehicle Ži.p.. and
tail-flick latency was assessed. SR141716A pre-treatment
resulted in an attenuation of CP55,940 Ž20 " 16% MPE.,
THC, and anandamide-induced antinociception Ž25 " 15%
MPE. to levels shown in control animals ŽFig. 4..
To demonstrate the existence of a functional k-opioid
receptor system capable of mediating an antinociceptive
response in the rat spinal cord, animals were treated Ži.t..
with CI-977 Ž100 mg. or 20 ml of artificial cerebrospinal
fluid vehicle in either the presence or absence of a 10-min
pre-treatment with nor-BNI Ž70 mg, i.t.. in 20 ml of
artificial cerebrospinal fluid vehicle. Nor-BNI is a highly
selective k-opioid receptor antagonist ŽPortoghese et al.,
1988; Horan et al., 1992.. Animals pre-treated for 10 min
with CI-977 demonstrated significant antinociception Ž97
" 3% MPE. in comparison to those receiving CI-977
following nor-BNI pre-treatment Ž3 " 1% MPE. ŽFig. 5..
To assess the extent of any contribution to cannabinoid-induced tail-flick latency via the k-opioid receptor system,
animals were pre-treated with nor-BNI and administered
either THC Ž300 mg., CP55,940 Ž100 mg. or anandamide
Ž200 mg. and tail-flick latency was assessed 10 min postadministration of nor-BNI. Animals treated with CP55,940
ŽFig. 6. following nor-BNI pre-treatment demonstrated
antinociceptive activity Ž98 " 2% MPE. which was not

different from that seen in the absence of nor-BNI pretreatment Ž80 " 19% MPE.. Animals treated with anandamide ŽFig. 6. following nor-BNI pre-treatment demonstrated tail-flick latencies of 50 " 14% MPE vs. 74 " 17%
MPE in animals treated with anandamide alone. Similar
studies were conducted utilizing THC Ž300 mg. and norBNI ŽFig. 6.. Tail-flick latency was assessed 10 and 30
min following administration of THC. In the absence of
nor-BNI pre-treatment, THC increased tail-flick latency at
10 min Ž58 " 11% MPE. and 30 min Ž96 " 2% MPE.
post-administration. Nor-BNI pre-treatment totally blocked
the ability THC to increase tail-flick latency at 10 min
Ž4 " 1% MPE. and 30 min Ž9 " 2% MPE. post-administration.
Animals receiving appropriate single or double vehicle
infusions and injections were evaluated as controls for the
data presented in Figs. 5 and 6. All rats infused or injected
with vehicle had % MPE - 10%.
In separate experiments assessing THC modulation of
immunoreactive dynorphin A-Ž1–8. concentrations, fractions collected 10 min post-administration of THC contained a mean immunoreactive dynorphin A-Ž1–8. concentration of 7.4 " 1.5 pgrml which proved significantly
greater than that of fractions collected 10 min post-administration of DMSO vehicle exposure Ž3.6 " 0.7 pgrml.
ŽFig. 7.. The mean immunoreactive dynorphin A-Ž1–8.
concentration of fractions collected 15 min Ž7.0 " 1.6

Fig. 8. Tail-flick latency following acute i.t. D9-THC prior to dynorphin
A-Ž1–8. assessment. Rats were exposed to 20 ml DMSO or D9-THC Ž300
mg. via catheter and tail-flick latency assessed at time points of 10, 15
and 30 min post-administration prior to cerebrospinal fluid collection.
Mean % MPE"S.E. are presented. U p- 0.05 in comparison to control
animals receiving 20 ml DMSO vehicle i.t. The number of rats per
treatment is shown in parentheses.
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pgrml. or 30 min post-administration of THC Ž6.8 " 2.1
pgrml. were not significantly increased in comparison to
those of control animals treated with DMSO vehicle 15
min Ž5.8 " 1.1 pgrml. or 30 min Ž6.0 " 1.7 pgrml. postadministration.
To evaluate the antinociceptive activity associated with
dynorphin modulation, tail-flick latencies were assessed in
conjunction with fraction collection ŽFig. 8.. Ten minutes
post-administration, animals treated with THC demonstrated enhanced tail-flick latency Ž48.0 " 13.6% MPE. in
comparison to those treated with DMSO vehicle Ž14.7 "
9.6% MPE.. Animals treated with THC also demonstrated
increased tail-flick latency 30 min post-administration
Ž56.1 " 12.5% MPE. vs. 17.2 " 9.7% MPE in those treated
with DMSO.
In contrast to dynorphin A-Ž1–8., immunoreactive
leucine–enkephalin levels were not enhanced 10 or 30 min
post-administration of THC. The mean immunoreactive
leucine–enkephalin concentration of artificial cerebrospinal fluid fractions collected 10 min post-administration of THC was 17.5 " 11.2 pgrml vs. 12.0 " 5.0 pgrml
from those collected 10 min post-administration of DMSO
vehicle ŽFig. 9.. Similar observations were noted 30 min
post-administration. Immunoreactive leucine–enkephalin
concentrations in fractions collected from subjects receiving THC Ž7.7 " 4.2 pgrml. were not found to be increased
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Fig. 10. Tail-flick latency following acute i.t. D9-THC prior to leucine-enkephalin assessment. Rats were exposed to 20 ml DMSO or D9 -THC Ž300
mg. via catheter and tail-flick latency assessed at time points of 10 and 30
min post-administration prior ACSF collection. Mean % MPE"S.E. are
presented. U p- 0.05 in comparison to control animals receiving 20 ml
DMSO vehicle i.t. The number of rats per treatment is shown in
parentheses.

when compared to samples collected from control animals
Ž6.8 " 5.6 pgrml..
Assessment of tail-flick latency in these animals ŽFig.
10. revealed a difference between animals treated with
THC Ž69.2 " 19.6% MPE. and those receiving DMSO
vehicle Ž9.7 " 2.5% MPE. 10 min post-administration.
Thirty minutes post-administration, animals receiving
DMSO vehicle demonstrated little antinociceptive response whereas those treated THC demonstrated Ž78.2 "
13.8% MPE..

4. Discussion

Fig. 9. Spinal leucine-enkephalin concentrations following acute i.t. D9THC administration. Rats were exposed to 20 ml DMSO vehicle or
D9 -THC Ž300 mg.. Fractions of cerebrospinal fluid were collected at time
periods of 10, 15 and 30 min post-administration and leucine-enkephalin
quantified via radioimmunoassay. Mean leucine-enkephalin concentrations"S.E. are presented. U p- 0.05 in comparison to control animals
receiving 20 ml DMSO vehicle i.t. The number of rats per treatment is
shown in parentheses.

The enhanced immunoreactive dynorphin A-Ž1–17.
concentration observed 10 min post-administration of THC,
bears the correct temporal relationship to suggest dynorphin A-Ž1–17. involvement in the induction of antinociception. The SR141716A attenuation of THC immunoreactive dynorphin A-Ž1–17. enhancement, suggests the effect
is cannabinoid CB1 receptor-mediated. Furthermore, the
attenuation of THC-, anandamide- and CP55,940-induced
tail-flick latency by SR141716A supports the contention
that each of these compounds are acting via the cannabinoid CB1 receptor system. Thirty minutes post-administration THC, a nor-BNI-sensitive increase in tail-flick latency
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was observed in spite of a decrease in immunoreactive
dynorphin A-Ž1–17. concentration. We interpret these apparent contradictory effects as being indicative of dynorphin A-Ž1–17. metabolism to some non-immunoreactive,
but pharmacologically active entities which act via the
k-opioid receptor. Such metabolic activity has been described in various models ŽNylander et al., 1995; Chou et
al., 1996; Muller et al., 1997.. Two dynorphin A-Ž1–17.
metabolites, dynorphin A-Ž1–13. and dynorphin A-Ž1–8.,
fit such a profile. Both are non-immunoreactive metabolic
products of dynorphin A-Ž1–17., when the dynorphin AŽ1–17. radioimmunoassay kits from Peninsula Laboratories are employed. Either peptide is capable of increasing
tail-flick latency through the k-opioid receptor system
ŽRady et al., 1991.. Pugh et al. Ž1996. and Welch Ž1997.
demonstrated that dynorphin A-Ž1–13. and dynorphin AŽ1–8. increased tail-flick latency Ži.t.. in the mouse.
The demonstration of CI-977-induced antinociception
and its subsequent antagonism by nor-BNI is crucial. This
experiment established the existence of a k-opioid receptor
system in the spinal cord through which dynorphin peptides might increase tail-flick latency. It also confirmed the
dose of nor-BNI employed as capable of attenuating the
activity of a potent and selective k-opioid receptor agonist.
The attenuation of THC-induced spinal antinociception 10and 30 min post-administration by nor-BNI indicates that a
significant portion of THC-induced tail-flick latency is
derived via some k-opioid contribution. Moreover, the
attenuation of THC-induced antinociception, 30 min postadministration, supports our contention that some non-immunoreactive k-opioid receptor agonists are present during
this time period.
Anandamide-induced antinociception is mediated by a
mechanism which appears to differ from THC in terms of
k-opioid receptor involvement ŽSmith et al., 1994; Welch,
1997.. Unlike THC, anandamide does not significantly
increase immunoreactive dynorphin A-Ž1–17. concentration nor is its ability to increase tail-flick latency nor-BNIsensitive. However, the effect of anandamide at 10 min
indicates a trend toward an increase in dynorphin A-Ž1–17..
The role of the dynorphin released is not known, but given
the lack of a nor-BNI block of anandamide-induced
antinociception, it is unlikely to be a critical component in
its antinociceptive effects. Similar conclusions were noted
in the development of tolerance to anandamide ŽWelch,
1997.. However, the attenuation of anandamide-induced
tail-flick latency by SR141716A indicates that anandamide-induced antinociception, like that of THC and
CP55,940, is mediated via the cannabinoid CB1 receptor.
Such diversity of effects, between anandamide and THC,
have been reported in other models ŽSmith et al., 1994..
In the rat model, CP55,940-induced antinociception occurs via some mechanism independent of dynorphin A-Ž1–
17. involvement. CP55,940 increases tail-flick latency, but
fails to increase spinal dynorphin A-Ž1–17. concentration.
Nor-BNI does not attenuate CP55,940 induced antinoci-

ception, further implicating a mechanism independent of
dynorphin A-Ž1–17.. These observations contrast with previous findings in the mouse which revealed a nor-BNI
attenuation of CP55,940-induced tail-flick latency ŽWelch,
1994.. Such divergent findings are particularly interesting
as recent studies have demonstrated a CP55,940 increased
immunoreactive dynorphin B peptides ŽPugh et al., 1997..
In light of the data concerning dynorphin B, the mechanism by which CP55,940-induced antinociception and potential dynorphin B involvement remains complex and in
need of further investigation.
It is unlikely that the observed effects are the result of
neurotoxicity. The antinociceptive effects of dynorphins
Ži.t.. have been observed at doses devoid of overt toxicity
ŽPugh et al., 1996; Welch, 1997.. Perhaps the most convincing evidence that the observed effects are receptormediated vs. some form of neurotoxicity, is the attenuation
of tail-latency by SR141716A and nor-BNI. The selective
nature of these antagonists demonstrates that the effects
are mediated by selective receptor-ligand interactions.
Moreover, the i.t. administration of vehicle fails to increase
tail-flick latency beyond that of naive animals. If the
results represented neuronal damage or toxicity, a significant increase in tail-latency would be expected in vehicletreated subjects. It is also unlikely that increases in tail-flick
latency are the result of neuronal damage sustained during
catheter implantation as only animals displaying normal
basal responses post-catheterization were included in the
study.
Of particular interest is the diversity of effects observed
between the test cannabinoids. CP55,940 increases spinal
dynorphin B concentration in rats, but not dynorphin AŽ1–17., ŽPugh et al., 1997. and its antinociceptive activity
is not nor-BNI sensitive. Anandamide, does not appear to
have significant interaction with k-opioid systems and also
fails to significantly enhance the dynorphin A-Ž1–17. concentration. THC enhances dynorphin A-Ž1–17. concentration during only the onset of antinociception, yet maintains
nor-BNI-sensitive antinociceptive activity 30 min post-administration. Hence, three cannabinoids, representing three
different classes, induce antinociceptive activity via the
cannabinoid receptor, yet differentially modulate dynorphinergic systems. These differences may reflect differences in the interactions of cannabinoids with the cannabinoid CB1 receptor or activities of functional subtypes of
the cannabinoid CB1 receptor in the spinal cord. Receptor–ligand binding studies have produced evidence suggesting the existence of cannabinoid CB1 receptor subtypes ŽThomas et al., 1997.. The newly described cannabinoid CB 2 receptor antagonist, SR144528 ŽRinaldi-Carmona
et al., 1998., will be of great help in elucidating cannabinoid receptor subtypes.
From these data, it is hypothesized that THC-induced
antinociception is initiated by an increase in dynorphin
A-Ž1–17. concentration. In this model, THC, administered
i.t., interacts with a cannabinoid CB1 receptor subtype in
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the outer laminae of the spinal cord, through which it
demonstrates greater efficacy for inducing an enhance of
spinal dynorphin A-Ž1–17. peptide release than CP55,940
or anandamide. These dynorphin A-Ž1–17. peptides initiate THC antinociception via the k-opioid receptor. Dynorphin A-Ž1–17. is metabolized, by various endopeptidases
present in cerebrospinal fluid, to smaller active fragments
such as dynorphin A-Ž1–13. and dynorphin A-Ž1–8. as
described by Dixon and Traynor Ž1990.. These active
dynorphin fragments are hypothesized to be responsible
for the nor-BNI-sensitive antinociception seen in the absence of an elevated dynorphin A-Ž1–17. concentration 30
min post-administration.
Although the pharmacological data presented would
seem support the hypothesized metabolism of dynorphin
A-Ž1–17. to non-immunoreactive fragments, direct evidence of such was desired. Additional experiments were
performed to further investigate the apparent dissociation
of spinal dynorphin A-Ž1–17. concentration and tail-flick
latency observed 30 min post-administration of THC. As
dynorphin A-Ž1–8. is one of the metabolites of dynorphin
A-Ž1–17., it was hypothesized that it may act during the
time frame in question, 30 min post-administration. An
attempt was made to assess its concentration. In addition to
dynorphin A-Ž1–8., its metabolite, leucine–enkephalin, was
also measured. The presence of leucine–enkephalin, particularly in the latter time period would support the hypothesized metabolism of dynorphin A-Ž1–17. peptides to
smaller pharmacologically active fragments.
The temporal relationship, between increased dynorphin
A-Ž1–8. concentration THC-induced tail flick latency, did
not support our hypothesized dynorphin A-Ž1–8. contribution to spinal antinociception at time points beyond 10 min
post-administration. The only increase of note, in spinal
dynorphin A-Ž1–8. concentration, occurs 10 min post-administration of THC. Dynorphin A-Ž1–8. levels were not
significantly increased, in comparison to vehicle treated
animals, 30 min post-administration. In fact, dynorphin
A-Ž1–8. concentrations remained constant throughout the
20-min period of evaluation following THC. It was the
vehicle treated animals which displayed the greatest variability in immunoreactive dynorphin A-Ž1–8. concentration. Such a relationship suggests that dynorphin A-Ž1–8.
is not involved in the antinociceptive activity observed
beyond 10 min post-administration of THC. When these
observations are considered in the context of the continued
THC-induced antinociceptive activity, regardless of dynorphin A-Ž1–8. concentration, our hypothesized role of
dynorphin A-Ž1–17. must be revisited.
Literature exists to support a mechanism by which the
dynorphin A-Ž1–17. increase 10 min post-administration
might be responsible for the antinociception observed
throughout the time course of THC-induced antinociception. Zachariou and Goldstein Ž1997. demonstrated that
release of substance P, a neuropeptide associated with
nociceptive transmission in the spinothalamic tract
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ŽNishiyama et al., 1995., following noxious stimuli could
be attenuated by k-opioid receptor simulation. This effect,
induced via i.t. administration of dynorphin A-Ž1–8., continued for 20 min post-administration and was attenuated
by nor-BNI ŽZachariou and Goldstein, 1996.. Thus, dynorphin A-Ž1–17. at enhanced concentrations via cannabinoid
receptor activation, 10 min post-administration of THC,
could elicit an antinociceptive effect by way of long-term
Ž20 min. suppression of substance P release. The result of
such dynorphinergic activity would be a THC-induced
increase in tail-flick latency at time points beyond 10 min
post-administration, regardless of dynorphin A concentration, yet sensitive to nor-BNI attenuation.
Alternatively, dynorphin A-Ž1–8. may in fact be one of
several ligands acting through the k-opioid system. Several
studies, utilizing in vitro and ex vivo procedures, have
identified metabolic pathways yielding varied dynorphin A
metabolites, some active via the k-opioid receptor system
ŽDixon and Traynor, 1990; Chou et al., 1996; Muller et al.,
1997.. The metabolism of dynorphin A-Ž1–17. into several
k-opioid receptor ligands might be expected to produce an
enhancement of k-opioid receptor stimulation akin to that
expected if only one dynorphin A peptide were released in
large quantity. If a mixture of kappa opioid, nor-BNI-sensitive metabolites accounts for the effects of THC at 30
min, it is unlikely that an increase in any specific metabolite could be measured. Such would explain the lack of an
increase in dynorphin A-Ž1–8. or leucine–enkephalin concentration in the presence of a nor-BNI-sensitive antinociceptive effect of THC at 30 min.
While comparisons of peptide concentrations between
collections obtained under varied conditions and time
frames are valid, it is quite likely that local dynorphin
concentrations vary greatly. The values presented are much
like snapshots of peptide activity. Furthermore, the peptide
measurements represent concentrations contained in a fraction of artificial cerebrospinal fluid collected during select
time frames within the time course of THC-induced tailflick latency. Using these techniques, it is difficult to
gauge the exact peptide concentration at any specific spinal
location. Thus, values for dynorphin are given as pgrml of
cerebrospinal fluid. It would be difficult, if not impossible,
to determine the molarity of the spinal content of dynorphin. In addition, the total volume of spinal fluid in the rat
has only been estimated. It is quite possible that dynorphin
release is concentrated at local sites vs. the entire spinal
cavity. Moreover, since the total volume of fluid in the
subarachinoid space is clearly unknown, dynorphin A concentrations are representative of samples collected vs. actual spinal concentrations.
Our model of THC-induced spinal antinociception is as
follows. Acute administration of THC into the subarachnoid cavity results in activation of cannabinoid receptors
located in the substantia gelatinosa. Cannabinoid activation
of these receptors results in an inhibition of tonically
active inhibitory neurons responsible for modulating
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dynorphinergic neurons. The resulting disinhibition of
dynorphinergic neurons, located in the outer laminae of the
spinal cord, leads to a release of dynorphin A peptides. We
believe these peptides are responsible for the immunoreactive peptides observed in our perfusion of the spinal cavity.
Dynorphin A-Ž1–17., its active metabolites or other kopioid receptor ligands interact with k-opioid receptors
located in lamina II to modulate the release of neuropeptides associated with nociceptive transmission such as
substance P ŽBesse et al., 1990. ŽFig. 11.. The suppression
of substance P Žor that of another neuropeptide. retards
amplification of the noxious transmits in the ascending
pathway and diminishes the intensity of the noxious stimulus perceived. Such a mechanism would account for the
attenuation of THC-induced antinociception and increased
immunoreactive dynorphin A-Ž1–17. concentration by
SR141716A, but attenuation of antinociception only by the
k-opioid antagonist nor-BNI.
This mechanism satisfies the requirements necessary for
a mechanism THC-induced antinociception which includes
dynorphin peptide and k-opioid receptor system involve-

Fig. 11. Hypothesized model of D9-THC-induced spinal antinociception.
D9-THC stimulation of cannabinoid receptors located on the synaptic
terminal of a descending GABAergic neurons inhibits GABA reuptake.
The increased presence of GABA results in the inhibition of a tonically
active inhibitory interneuron, via GABA receptor stimulation, and disinhibition of a dynorphinergic neuron. The resulting increase in dynorphin
peptides leads to a k-opioid-receptor-mediated inhibition of substance P
release. Such activity would diminish the amplification of the nociceptive
stimulus and its perception. An independent noradrenergic component
may also exist, in which, D9-THC inhibits the reuptake or release of
norepinephrine. The increased presence of norepinephrine results in stimulation of a 2-adrenergic receptors located in an inhibitory interneuron
and subsequent disinhibition of the dynorphinergic neuron. The end result
is a k-receptor-mediated attenuation of substance P release.

ment. It is a model subject to attenuation by pertussis toxin
as k-opioid receptors and cannabinoid CB1 receptor are
mediated via G-protein coupled responses. The involvement of cannabinoid receptors prior to dynorphin A modulation would account for the ability of SR141716A to
attenuate cannabinoid receptor-mediated activity. Similarly, the positioning of the k-opioid receptors post-synaptically to dynorphinergic neurons would explain the
ability of k-opioid antagonists to attenuate antinociception,
but not affect spinal dynorphin levels. Moreover, this
model is advantageous in that it provides for fine and rapid
control of the ascending limb of the pain pathway. The
presence of tonically acting interneurons, allows for fine
control of the nociceptive threshold in response to changing environmental conditions and stimuli. It is supported
by the findings of Romero et al. Ž1995. who found that
cannabinoid stimulation of receptors in GABAergic neurons of the striatum and substantia nigra inhibit GABA
reuptake. It also provides for the attenuation of dynorphin
release and THC-induced antinociception by SR141716A,
but antinociception only by nor-BNI.
This model depicts an entirely spinal mechanism of
antinociception. Smith and Martin Ž1992. found that acute
i.t. administration of cannabinoids results in supraspinal
concentrations incapable of inducing antinociception. Thus,
the antinociception induced by i.t. administration is likely
a spinal system as is our rat model. Further studies of
cannabinoid receptor-mediated dynorphin release and
metabolism, as well as substance P release, are clearly
indicated to further clarify the pathways distal to the initial
dynorphin release.
The ability of THC to modulate the endogenous opioid
system may prove to be a very significant discovery. The
immediate benefits of elucidating the full scope of the
interactions will likely come in the management of pain,
particularly chronic pain. THC, in comparison to the morphine derivatives, has a greater therapeutic range. Two of
the greatest problems concerning opioid use are the rapid
development of tolerance and potential for overdose. These
studies may lead to new techniques by which manipulation
of the endogenous opioid system may be used to supplement exogenous opioid agents which would result in decreased dosage of opioids and a resulting decreased risk of
toxicity and manageable tolerance development. Such
would be of great benefit to persons suffering of chronic
pain. Due to repeated opioid administration, tolerance development among these persons is always of concern.
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